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We tested the hypothesis that the kinetics of recovery of the rod photoresponse diﬀer between mature and immature rods. A
paired ﬂash paradigm was used. The eﬀect of a test ﬂash on the ERG a-wave response to a probe ﬂash presented 60 to 2 s after the
test ﬂash was studied. The functions summarizing the interaction between the test and probe ﬂash did not diﬀer signiﬁcantly between
infants and adults if the stimuli were equated for estimated proportion of rhodopsin isomerized/rod/ﬂash. The kinetics of rod cell
recovery are likely the same in infants and adults.
 2003 Elsevier Ltd. All rights reserved.During development of the retina, the photoreceptor
cells are the last to diﬀerentiate and the photoreceptor
outer segments are the last structures to appear in the
developing retina (Grun, 1982). In the rat (Fig. 1), the
lengths of the rod outer segments (ROS) are half those
of adults at about 13 days post-natal and approach
adult length at age 18–19 days (Bonting, Caraviggio, &
Gouras, 1961; Fulton, Hansen, Dodge, & Williams,
1998; Fulton et al., 1995). The rhodopsin content of
whole retinas increases and reaches approximately half
that in adults by age 18 days, while rhodopsin concen-
tration, expressed as weight of rhodopsin per dry weight
of retina, increases along with ROS length (Timmers
et al., 1999). There is a gradient of rhodopsin absor-
bance along the ROS in 19 day olds with the lowest
density at the tip of the ROS where the most immature
discs are found (Dodge et al., 1996). There is no gradient
of rhodopsin absorbance in adult rat ROS (Dodge et al.,
1996; Schremser & Williams, 1995a, 1995b). The gradi-
ent in infants may be due to greater disc to disc spacing,
possibly because immature discs are not as ﬂat as ma-
ture discs (DeRobertis, 1956).
During development the gain of the processes in-
volved in activation is scaled (Fig. 1) by rhodopsin
content (Fulton et al., 1995). Thus, in infants, photonqSupported by the Massachusetts Lion’s Eye Research Founda-
tion.
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light in activating phototransduction, and the mobility
of the proteins in the immature disc membrane may be
the same as in adults. Furthermore, the ratio of the
saturated amplitude to the gain of the activation steps is
invariant with age during development. This is consis-
tent with the relation of disc to channel, being the same
in infants and adults.
In contrast to the rather complete description of the
development of activation, little is known about the
development of deactivation. Deactivation depends on
events in the disc membrane and cytosol of the ROS
(Pugh & Lamb, 2000). Based on studies of mature rods,
it is known that recovery of the cell after activation re-
quires stepwise deactivation of rhodopsin, transducin
and phosphodiesterase and restoration of the circulating
current (Pugh & Lamb, 2000). In mammalian rods,
the developmental increase in some of the proteins in-
volved in deactivation, including arrestin (Broekhuyse
& Kuhlmann, 1989), a kinase (Ho, Somers, & Klein,
1986), recoverin (Stepanik, Lerious, & McGinnis, 1993)
and cGMP (Colombaioni & Strettoi, 1993; Johnson,
Williams, & Reese, 2001) is concurrent with ROS elon-
gation. Although, to our knowledge, there is no infor-
mation indicating that the molecular composition of the
ROS in infants and adults diﬀers, not all protein par-
ticipants in deactivation have been measured over the
course of ROS development.
We studied the kinetics of recovery of the photore-
sponse in infant rats to obtain further knowledge about
deactivation in immature rods. The recovery phase was
Fig. 1. Development of rat rod outer segments. Dashed curve: Devel-
opmental elongation of ROS is approximated by a logistic growth
function (Fulton, Hansen, & Findl, 1995). The ROS are 50% of the
adult length (Age50) at age 12.5 days (95% CI: 12.1–12.8 days). Rho-
dopsin concentration (weight of rhodopsin per dry weight of retina)
follows a similar developmental course (Timmers, Fox, He, Hansen, &
Fulton, 1999) with Age50 13.4 days (95% CI: 12.1–14.7). Solid curve:
According to the logistic growth curve shown, the amount of rho-
dopsin extracted from the whole retina is approximately 50% of that in
adults at age 18.7 days (95% CI: 18.2–19.2 days). The main parameters
that summarize the activation of phototransduction, S and Rmp3 in Eq.
(1) (see text), follow a similar course of development when the estimate
of isomerizations in adult rods is used in the calculation (Fulton et al.,
1995). For S, Age50 is 17.9 days (95% CI: 16.2–19.6 days). For Rmp3,
Age50 is 17.5 days (95% CI: 15.1–19.9 days). Vertical line: At age 19
days, ROS length (dashed curve) approaches that of adults, but rho-
dopsin content of the whole retina (smooth curve) is only about half
that in adults because of a gradient of rhodopsin along the length of
the immature rod (Dodge, Fulton, Parker, Hansen, & Williams, 1996).
The gradient was demonstrated by microspectrophotometry.
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response to the second of a pair of ﬂashes (Birch, Hood,
Nusinowitz, & Pepperberg, 1995; Derwent, Qtaishant, &
Pepperberg, 2002; Friedburg, Thomas, & Lamb, 2001;
Lyubarsky & Pugh, 1996; Nikonov, Lamb, & Pugh,
2000; Pepperberg, Birch, & Hood, 1997). The kinetics in
infants and adults were compared.1. Methods
Litters of albino rats, Sprague-Dawley strain, were
reared in a 12 h dark/light (150 lux) habitat. Infants were
studied at age 18 and 19 days. Adults were studied at age
60–90 days.In preparation for electroretinography, the rats were
dark adapted over night, about 16 h. Then under dim
red light the rats were lightly anesthetized (sodium
pentobarbital, 5 mg/100 g, IP). The left pupil was dilated
with 1% cyclopentolate and the corneas were anesthe-
tized with proparacaine. A bipolar Burian-Allen type
electrode was placed on the cornea, and a ground elec-
trode was placed on the tail. The procedures adhered to
the ARVO statement for the Use of Animals in Oph-
thalmic and Vision Research.
White stimuli (Novatron, Dallas, TX strobe, series
2100; <1 ms duration) were delivered through a 41-cm
integrating sphere, controlled in intensity by calibrated
neutral-density ﬁlters. The un-attenuated ﬂash, mea-
sured with a detector (S350; United Detector Technol-
ogy, Orlando, FL) placed at the position of the rat’s eye,
was 5.2 log lW/cm2 per ﬂash. ERG responses were re-
corded AC coupled, 1–1000 Hz; 1000 gain.
Subsets of rats (6 infants; 11 adults) were tested with
a range of stimulus intensities starting with those that
evoked a small b-wave (<15 lV) up to those that satu-
rated the a-wave amplitude and slope. The parameters
summarizing the activation of phototransduction were
calculated from these a-wave data. All rats were tested
with a paired ﬂash paradigm in which the intensity of
the ﬁrst test ﬂash and the subsequent probe ﬂash were
separated by selected intervals in time. The test and
probe ﬂashes were equal in intensity, and each rat was
tested at 3–5 intensity levels. At each intensity level, 6–
29 (median 24) rats were tested. The total intensity range
spanned 2.4 log units. Control experiments demon-
strated that the a-wave responses are rod dominated in
both infants and adults (Fulton et al., 1995).
A-wave responses to a range of single ﬂashes were ﬁt
with the Hood and Birch formulation (Hood & Birch,
1994) of the Lamb and Pugh model (Lamb & Pugh,
1992; Pugh & Lamb, 1993, 2000) of the activation of
phototransduction. This model, summarized by Eq. (1),
is based on the biochemical processes involved in the
activation of phototransduction.
RðI ; tÞ ¼ f1 exp½0:5ISðt  tdÞ2gRmp3 ð1Þ
The main parameters of this model are S and Rmp3. S,
sometimes called a sensitivity parameter, is related to the
gain of the transduction cascade (Hood & Birch, 1994).
Rmp3 is the saturated amplitude and reﬂects the number
of channels in the outer segment that are available for
closure by light. A curve ﬁtting routine (MATLAB,
fmins subroutine; The Math Works, Inc, Natick, MA)
was used to determine the best-ﬁtting values of S, Rmp3
and td , a brief delay. In this equation, I is the ﬂash in
estimated number of isomerizations per rod per ﬂash.
Fitting of the model was restricted to the leading edge of
the a-wave response, or to a maximum of 20 ms after
stimulus onset. All three parameters were free to vary.
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The kinetics of recovery of the rod cell’s response to
light were evaluated by means of a paired ﬂash para-
digm. Recovery, termed deactivation, is accomplished in
a series of molecular processes whereby the channels and
the rod’s circulating current are restored to a response
ready state (Pugh & Lamb, 2000). At 7 selected inter-
stimulus intervals (ISIs), ranging from 2 to 120 s after a
test ﬂash, a probe ﬂash was presented. Between each
test-probe pair, 2 min in the dark was allowed. The
amplitude of the response to the probe was expressed as
a percentage of amplitude of the response to the test
ﬂash alone. The ISI at which the amplitude was 50%, t50,
was determined by linear interpolation.1.2. Estimation of isomerizations
To estimate the number of isomerizations caused by
the stimuli, the pre-receptor absorbance (Alpern, Ful-
ton, & Baker, 1987), ROS diameters (Ratto, Robinson,
Yan, & McNaughton, 1991) and lengths were taken into
account. The number of rod cells in 18–19 day old and
adult rats is the same. For adults, an average ROS
length of 25 lm, a speciﬁc axial density (Harosi, 1976) of
0.016 lm1 and quantum eﬃciency of isomerization
(Dartnall, 1972) of 0.67 were assumed. In adults,
therefore, the maximum stimulus produced 104:75 iso-
merizations per rod per ﬂash. Assuming that an adult
ROS has 7 · 107 molecules of rhodopsin (Pugh & Lamb,
1993), 0.08% of all available rhodopsin molecules in an
adult’s ROS are isomerized by the ﬂash. The amount of
rhodopsin extractable from the whole retina of 18 day
old infants is about 50% and of 19 day olds about 61%
of adults’ (Bonting et al., 1961; Dodge et al., 1996;
Fulton & Baker, 1984; Fulton et al., 1998). Based on the
absorbances obtained by microspectrophotometry, theFig. 2. Sample records of the a-wave responses to the probe ﬂash presented a
the physical stimulus falling on the eye was the same, 4.6 log lwatts/cm2 peaxial density of rhodopsin in 19 day old ROS is some-
what more than 50%, perhaps as much as 70% (Dodge
et al., 1996). At age 18 days, the axial density may be
about 10% lower. In the absence of more precise data,
we assume infants have half the rhodopsin molecules,
3.5 · 107 per ROS, as adults. The lens density in infants
is slightly less than in young adults, but the total retinal
thickness and absorbance greater than in adults (Alpern
et al., 1987); of the light incident at the cornea, an es-
timated 0.073 log unit less would reach the ROS of in-
fants. Thus, we estimate the maximum stimulus causes
104:677 isomerizations/rod/ﬂash in the infant, and iso-
merizes 0.14% [(104:677)/(3.5 · 107)] of all the rhodopsin
molecules in an infant’s ROS, about twice the propor-
tion isomerized in an adults’ ROS.2. Results
2.1. Activation of phototransduction
For adults, the mean value of S, calculated using Eq.
(1), was 8.05 (SEM 1.64) s2. If S was calculated, as
done previously (Fulton et al., 1995), using estimates of
isomerizations in mature rods, the mean value of S in
infants was 51% of that in adults, or 4.08 (SEM 0.69)
s2. Derived from measures of rod function in the living
animal, this proportion, about 0.50, is consistent with
estimates of isomerizations based on measurements of
rhodopsin and pre-receptoral absorbance (Bonting
et al., 1961; Dodge et al., 1996; Fulton & Baker, 1984;
Fulton et al., 1998).2.2. Deactivation (recovery) of phototransduction
Sample records for responses obtained using the
paired ﬂash procedure are shown in Fig. 2. In Fig. 3, thet 120 to 2 s after the test ﬂash are shown. For both the infant and adult,
r ﬂash. The amplitudes of the infant’s responses are smaller at all ISI.
Fig. 3. The amplitude of the a-wave response to the probe ﬂash, ex-
pressed as proportion of the amplitude of the response to the test ﬂash
alone, is shown as a function of ISI. For the sample functions shown,
the data are from the infant, or adult, having the median t50 for the
indicated stimulus level. The stimulus level is indicated as relative
physical stimulus falling on the eye. The maximum stimulus (5.2 log
lwatts/cm2 per ﬂash) is designated ‘‘0’’, and the relative attenuation is
shown in NDFs. In this display exponential functions have been ﬁt to
the data. For analysis, t50 was determined by linear interpolation.
Fig. 4. Mean t50 as a function of stimulus strength, expressed as esti-
mated proportion of rhodopsin molecules isomerized/rod/ﬂash. The
infants’ () and adults’ () functions do not diﬀer signiﬁcantly.
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plotted as a function of ISI, are illustrated for ﬁve
stimulus intensities. In both infants and adults, at each
intensity level, the amplitude of the response to the
probe ﬂash decreases with decreasing time after the test
ﬂash. The shapes of the functions are similar in infants
and adults, and across the 1.8 log unit range of stimulus
intensities.
In Fig. 4, the mean t50 values for infants and adults
are shown as a function of estimated proportion of
rhodopsin molecules isomerized per rod per ﬂash. These
summary functions are similar for infants and adults.
The stimulus value at the inﬂection corresponds to
nearly 5 log isomerizations per rod per ﬂash. This is
similar to the value (5.7 log isomerizations per rod per
ﬂash) reported for human rods (Birch et al., 1995).3. Discussion
Longer t50 values were observed in infants (Fig. 4).
We have equated the estimated proportion of rhodopsin
molecules isomerized by the stimulus in infants and
adults. When this is done, the t50 values of the infants
and adults are coincident over the 2 log unit range of
stimuli (Fig. 4).
We suspect that the molecular processes controlling
the recovery of the rod photoreceptor response are the
same in mature and immature rods. The kinetics of re-
covery may be set by the possibility of encounters of
activated rhodopsin, R, with the proteins involved in
deactivation.
In the rats it was possible to evaluate deactivation
over a range of stimulus intensities. These results inform
interpretation of results in human infants in whom
testing must necessarily be limited (Hansen & Fulton,
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